Abstract-Structural, vibrational and microwave dielectric properties of Nickel-Copper-Zinc ferrite (Ni 0.2 Cu x Zn 0.8−x Fe 2 O 4 ) ceramics have been presented in this paper. Samples have been prepared using conventional auto-combustion method. The X-ray diffraction (XRD) results confirmed the ferrite samples to be of cubic spinel structure, which further was validated by Fourier transform infrared (FT-IR) and Raman spectroscopy. The relative permittivity (ε r ) increased from 7.474 to 8.132 with successive increase in Cu content. The observed and calculated permittivity using ClausiusMossoitti relation have been in good agreement. The temperature coefficient of resonant frequency (τ f ) decreased from −75.85 ppm/ • C to −32.12 ppm/ • C with increase in successive Cu content. The relative permeability (µ r ) have been calculated by using the Nicholson-Ross-Weir conversion technique. Using Ni 0.2 Cu 0.2 Zn 0.6 Fe 2 O 4 sample the ferrite resonator antennas have been designed in three different shapes. The experimental and theoretical characteristics of the antennas have been compared and a good agreement has been achieved.
INTRODUCTION
In the last few decades ceramic based dielectric resonators (DRs) have been extensively utilized in different microwave communication systems [1] [2] [3] [4] [5] [6] . A dielectric resonator antenna (DRA) is fabricated from low-loss microwave dielectric material, whose resonant frequency is predominantly a function of size, shape, and material permittivity. The DRA offers attractive features, such as low ohmic loss, low profile, small size, and wide impedance bandwidth when compared with the microstrip antenna [7] . However, as the permittivity increases, the frequency bandwidth of the antenna gets reduced [8, 9] , leading to limitations in size reduction and trade off in performances. More recently it has been shown that the use of magneto-dielectric materials (i.e., material with both relative permittivity and relative permeability greater than unity) allows antenna miniaturization without reducing the frequency bandwidth [10, 11] . Magneto-dielectric material is one kind of dielectric material whose value of permeability can be varied in a large scale. It is different from conventional antenna designs until now are based on the dielectric which is just changed the permittivity. This makes antenna design simpler because only one parameter of dielectric coefficients affects to the antenna performance. But this limits the ease with which the performance of the antenna can be improved. Thus, magneto-dielectric material offers a larger number of parameters of dielectric to modify the performance of the antenna and some characteristics of antenna can be improved to satisfy the requirements of application [12] .
Ferrites are technologically important materials as they are used in the fabrication of magnetic, electronic and microwave devices. Rapid growths in ferrite usage have been occasioned by a trend toward higher frequencies of operation in telecommunications and power electronic applications [7, 13] . Due to their excellent dielectric properties, ferrites possess the advantages of low loss and high power handling capability relative to semiconductors [14, 15] .
Ferrites with low loss tangents (both dielectric and magnetic) are very useful in the design of miniaturized antenna and also to maintain the electrical dimensions (the electrical length is the product of the geometrical length of the medium and its refractive index) [16] . Also these are inexpensive, efficient, simple, and compact magnetic device structures, which require to be developed in order to be compatible with the semiconductor technology [17, 18] .
For a better understanding of ferrite materials for microwave applications, a large number of studies have been carried out recently [19] [20] [21] . Many groups have attempted ferrite such as Ni 0.95−x Zn x Co 0.05 Fe 1. 90 Mn 0.02 O 4 with x = 0−0.25 [22] , Ni-Co ferrite [23] , Y 3 Fe 5 O 12 and Gd 3 Fe 5 O 12 [7] , Ni 0.2 Co x Zn 0.8−x Fe 2 O 4 with x = 0 − 0.8 [24] etc. for antenna applications.
Again the performance of porous ferrite materials in their bulk form where the grain dimensions are in micrometer scales is limited to a few megahertz frequency. This is due to their higher electrical conductivity and domain wall resonance [25] [26] [27] [28] . In the other hand, larger grain size leads to higher magnetic loss [29] .
So, obtaining a microstructure with dense, uniform and small grain size is the key to obtain both low dielectric and magnetic losses enabling the material to work at higher frequencies [30] . One way to achieve this is by synthesizing the ferrite particles in nanometric scales before compacting them for sintering. When the size of the magnetic particle is smaller than the critical size for multi-domain formation, the particle is in a single domain state. Domain wall resonance is avoided, and the material can work at higher frequencies [29] .
Several synthesize techniques have been reported to achieve ferrite nanoparticles [31] [32] [33] [34] . Autocombustion technique is one of the best techniques in terms of less energy consumption. Furthermore this technique has many other advantages like the resultant product show better chemical homogeneity, higher reactivity, limited agglomeration which reduce the losses in the ceramics [35] [36] [37] [38] . Also it has been reported that the magnetic properties can be improved compared to conventional ceramic method [39] as the use of nanoparticles sized material significantly enhances the identification and microwave dielectric properties [40, 41] .
Nickel-zinc ferrites are one of the most important soft ferrites whose high permeability and low power loss are the principal requirements for electronic devices [42] . They have great potential as microwave materials because of their high resistivity, ease of fabrication as well as low eddy current losses and high saturation magnetization as compared with other ferrites [43] [44] [45] [46] [47] [48] . Variations in the zinc concentration in these ferrites allow the tailoring of the magnetic properties to suit the requirement of a particular application [49] . Substitution of Copper in these ferrites has been known to improve the sintering properties drastically [50, 51] .
Furthermore, the microwave dielectric and magnetic properties of the Cu substituted Ni-Zn-Ferrites are rare. Few reports are available on the applicability of these materials as microwave absorber [52] . Here, this paper presents the structural as well as microwave dielectric and magnetic properties of Ni 0. (NCZFO) nanoparticles. Stoichiometric proportions of the nitrate salts were taken for the preparation of NCZFO nanoparticles. Aqueous solution of nitrate salts and citric acid were prepared in distilled water with continuous stirring using a magnetic stirrer at room temperature. The prepared aqueous solution of nitrate salts were mixed together with continuous stirring. The mixed nitrate solution was added to citric acid solution under constant stirring for 2 h at room temperature in ambient atmosphere, resulting in precursor solution. The molar ratio of nitrates to citric acid was maintained at 1 : 1. Small amount of ammonia hexahydrate solution was added into the precursor solution to bring the pH ∼ 7. The precursor of complex metal ions was heated at 70 • C for 20 h to obtain gel. Further, heating of the gel (∼ 100 • C) lead to auto-combustion, producing loose powder of the NCZFO [53] . The NCZFO powders were calcined at 500 • C for 4 h and used for characterization.
Structural and Micro Structural Characterizations
The ferrite powders were characterized for phase identification, crystallite size and lattice parameter determination using X-ray diffraction (Bruker D8-advance X-Ray Diffractometer) with Cu K α radiation. The crystallite size was calculated from peak broadening using Scherrer formula
where D h,k,l is the crystallite size perpendicular to (h k l) plane, λ the wavelength of X-ray used, β (rad.) the FWHM of the diffraction peak, and θ the peak position. The X-ray density (ρ x ) of the samples was calculated using the relation given by Smit and Wijn [54, 55] :
where M is the molecular weight of the samples, N A the Avogadro's number, n the number of formula unit present in a unit cell (in the present case, n = 8), and a the lattice parameter. X ray density (ρ x ) was calculated using Eq. (2) and found to be in the range of 5.948 to 6.012 g/cm 3 . Fourier transform infrared spectroscopy (FTIR) (IR-Prestige-21) was used to study chemical structure changes. Raman studies were performed using a spectrometer (Jobin-Yvon T64000 Spectrometer) with an excitation wavelength of 514.5 nm, from an Ar laser. The monophasic powder samples were granulated with PVA as binder and were uniaxially pressed using steel die of different geometry. The sample Ni 0.2 Zn 0.8 Fe 2 O 4 was sintered at 1200 • C, while sintering of substituted ferrites was performed at various temperatures in the range 950 • C to 1000 • C in air environment to obtain the bulk density to about 95% of their respective x-ray density. The bulk density of the sintered samples was calculated using Archimede's principle. The grain size and grain morphology of the sintered NCZFO were studied using scanning electron microscopy (SEM) on a Zeiss DSM 982 Gemini instrument with a Schottky emitter at an accelerating voltage of 2 kV and a beam current of 1 µA.
Microwave Dielectric Constant Measurements
Microwave dielectric measurements were performed using a Vector Network Analyzer (N5230A Agilent Technologies, USA) in a TE 01δ mode of cylindrical shaped NCZFO. TE 01δ resonance mode using HakkiColeman [56] dielectric resonator method as modified and improved by Courtney [57] . This is a mode at which we have measured the dielectric properties of samples. Other modes can also be used but this is more appropriate mode as proposed by Sebastian et al. [58] and Krupka et al. [59, 60] . The quality factor (Q), permittivity (ε) and temperature coefficient (τ f ) of the DRs can be measured using a transmission mode cavity proposed by Krupka et al. [59, 60] . The dielectric resonator is placed inside a cylindrical metallic cavity usually made of copper and the inner surfaces are finely polished and usually gold or silver coated. The cavity is closed with a lid after loading the dielectric resonator sample. Microwave is fed using loop coupling. The electric field is symmetric with the geometry of the sample and the cavity, which helps to reduce the sources of loss due to cavity. A schematic diagram of the experimental setup is shown in Fig. 1 . In the TE 01δ mode, the field confinement is not complete in the z-direction and hence TE 011 mode is designated as TE 01δ . This mode is widely used in materials property characterization because in this mode there is no current crossing the dielectric and the conducting plates. So possible air gaps between the dielectric and the conducting plates have no effects on resonance properties of this mode [61] . The theoretical model is properly described for the configuration mentioned by Courtney and as modified from Kobayashi and Tanaka [62] . The TE 01δ resonance mode has been found most suitable for the real part of the relative dielectric constant (ε r ). A gain/loss factor (tan δ) of the specimen could be obtained from the measured resonance frequency (f r ) and unloaded quality factor (Q 0 ) for the TE 01δ resonance mode [9, 63] . The relative dielectric constant and loss factors were calculated using the following formula [56] : Figure 1 . Schematic diagram of measurement setup for resonant frequency and S-parameter using cavity resonator.
where, c is the velocity of light, α is given by the mode chart [64] and β is obtained from the resonance frequency (f r ) and the sample dimension. The tan δ is given by Hakki-Coleman [56] as described in Eq. (4):
Here,
The function W is the ratio of electric field energy stored on the outside of the rod to the energy inside the rod. The λ is the free-space wavelength, L the length of the dielectric specimen, and l = an integer (1, 2, 3, 4, . . . ). The σ is the conductivity of the shorting plate, and Q 0 is the unloaded quality factor of the dielectric resonator. If the dielectric material is isotropic then the characteristic equation for such a resonance structure for the TE 011 mode is given by Eq. (9):
where, J 0 (α) and J 1 (α) are the Bessel functions of the first kind of order zero and one, respectively. K 0 (β) and K 1 (β) are the modified Bessel functions of the second kind of orders zero and one, respectively. Kobayashi and Katoh [65] described a method for the experimental determination of R s which employs two rod samples cut from the same dielectric rod with equal diameters but different lengths. The rod for a TE 01l resonator is "l" times as long as the other rod for a TE 011 resonator, where l ≥ 2. Here subscripts l and 1 are denoted as quantities for both resonators, respectively. Because of the different conduction loss contributions in the two cases, the modes have almost the same resonance frequency but differ in unloaded Q; i.e if f 0l = f 01 , then Q 0l > Q 01 . Because both rods have the same (tan δ), the expression for (R s ) is given by Eq. (10) [62] :
Then substitution of Eq. (10) into Eq. (4) yields:
This calculation facilitates the precise measurement of (tan δ). The quality factor (Q × f ) was measured using a reflection mode gold-coated copper cavity [9] . The τ f value of samples was measured by introducing the cavity in temperature controlled chamber using the following equation:
Calculation of Microwave Magnetic Constant
Microwave permeability was calculated by the Nicholson-Ross-Weir conversion technique using Sparameters that was recorded by Vector Network Analyzer in a TM 010 resonance mode. This method provides a direct calculation of both the permittivity and permeability from S-parameters [66] . This is the most commonly used method for performing such conversion. Measurement of reflection coefficient and transmission coefficient requires all four (S 11 , S 21 , S 12 , S 22 ) or a pair (S 11 , S 21 ) of Sparameter of the material to be measured. The present calculation for permeability includes only S 11 and S 21 parameter which is shown below.
The transmission and reflection co-efficient are related to S-parameter as per following formula [66, 67] :
where,
Here, Γ is reflection co-efficient; T is transmission co-efficient, and S 11 and S 21 are reflection loss and insertion loss, respectively. The free space wavelength (λ 0 ), cut-off wave length (λ c ) are related to transmission coefficient and diameter of cylindrical shaped sample as (16):
The permeability can be calculated by using the formula:
By substituting Eq. (16) in Eq. (17), we obtain a quadratic Equation in terms of permeability (µ r ),
The permeability of the NCZFO samples was calculated by solving the above equation.
Ferrite Resonator Antenna (FRA) Measurements
The sintered cylindrical, cuboid and triangular shaped Ni 0.2 Cu 0.2 Zn 0.2 Fe 2 O 4 ceramic were used for the resonator antenna study. The schematic diagram of the FRA is given in the Fig. 2 . The ferrite resonators are excited by coaxial cable. The FRA is placed above a conducting ground plane made of FR4 sheet with copper coating on both side. The outer conductor of a subminiature version A (SMA) connector is connected to the ground plane and the inner conductor (probe) is connected to the Ferrite resonator (FR). The probe is located at x = 6.35 mm and ϕ = 0 • as shown in Fig. 2 . A fixed dimension of ground plane (L × W × T = 100 mm × 100 mm × 1.6 mm) and coaxial probe of different length are used for all shaped FRA. The probe length is optimized to obtain with respect to the Ni 0. 2 
In the case of cylindrical FRA, the probe adjacent to the FRA can excite the basic mode, HE 11δ mode [9] , whose resonant frequency f r can be approximated by [6, 68] 
where µ r is the real part of permeability and ε r the real part of permittivity. The cylindrical FRA under consideration has height, h = 6.48 mm, and radius, r = 6.35 mm. The Eq. (19) is obtained with the hypothesis that the lateral and upper surface of the ferrite resonator is perfectly magnetic conductor (PMC). Since this assumption is verified only for infinite permittivity, it is only an approximation that leads to some 10% error [7] . 
where the f r is given in GHz, and c is the velocity of light. It has been observed that there is variation in simulation and measured results depends on the probe. This problem finds its origin in the air gap between the DR and metallic conductor which has been thoroughly studied by Junker et al. [70, 71] .
In the case of a cuboid shape the probe adjacent to FRA excite the basic mode, TE Y 111 mode, whose resonant frequency f r can be approximated by [72, 73] :
where, k 2 x + k 2 y + k 2 z = k 2 0 ε r µ r , and k x , k y , k z are given by
and
where, k x , k y and k z represent the mode wave numbers inside the dielectric resonator, and k 0 is the free-space wave number. Cuboid shaped FRA under consideration has the length, a = 9.7 mm, width, b = 14.5 and height, h = 6.52 mm.
In the case of an equilateral-triangular FRA, resonance frequency of the excited mode TM mnl is approximately given by [74, 75] 
where, a is the length of each side of the triangle and h is the height of the resonator. The indices m, n and l should satisfy the condition l + m + n = 0 but they all cannot be zero simultaneously. For low profile resonators where a h, this expression can be further simplified as
The designed triangular FRA has the height, h = 6.37 mm and side, a = 9.9 mm. The impedance bandwidth (return loss < −10 dB) were measured for all FRA using the following relation [76] .
where, BW is the bandwidth, OR the operating range, and CF the center frequency.
RESULTS AND DISCUSSION

X-ray Diffraction Study
The room temperature X-ray diffraction patterns of NCZFO samples are shown in Fig. 3 . The patterns indicate a single phase cubic spinal crystal structure with space group of F d3m. The sharp and intense peaks show the crystalline nature of the samples. The lattice parameter of NCZFO ferrites is determined by using the formula [77] ; where (h k l) are the Miller indices, and θ is the diffraction angle corresponding to the (h k l) plane. Form Fig. 3 . it is observed that the diffraction peaks shifts towards higher angles, which confirm that unit cell volume decreases with successive Cu substitution. (1)) is used for calculating the crystallite size from the X-ray diffraction data [54, 81] and is found to be in the range of 12-9 nm.
Raman Study
Raman spectroscopy is a non-destructive material characterization technique and is very sensitive to structural disorder. It provides an important tool to probe the surface and structural properties of materials. The Raman spectra of all samples in the frequency range 200 ∼ 1000 cm −1 at room temperature are shown in Fig. 4 . There are three first-order Raman active modes (A 1g + E g + T 2g ), and all these modes are observed at ambient conditions. All the vibration frequencies for different compositions are presented in Table 1 . The A 1g mode is due to symmetric stretching of oxygen atoms along Fe-O bonds, E g mode are due to symmetric bending of oxygen with respect to Fe and T 2g mode is due to asymmetric stretching of Fe [82] . Here, the notation A is for one dimensional representation, E for two and T for three dimensional representations, g denotes the symmetry with respect to the center of inversion [83] . In cubic spinels including ferrites, modes at above 600 cm −1 generally correspond to the motion of oxygen in tetrahedral group (A-site) [84] , and the other low frequency modes represent the characteristics of the octahedral group (B-site) of ferrites [53] .
Fourier Transformed Infrared Analysis
The FTIR spectra shown in Fig. 5 , confirms the formation of the spinel structure. In ferrites metal ions are situated at two different sub-lattices designated as tetrahedral (A-site) and octahedral (B-site) according to the geometrical configuration of the oxygen nearest neighbors. The high frequency band ν 1 is observed in the range from 576.5 to 584.3 cm −1 , associated with the A-site, while the low frequency band ν 2 is observed in the range 420.4 to 414.6 cm −1 associated with the octahedral B-site (Table 1) . Waldron [85] and Hafner [86] , attributed the ν 1 band to the intrinsic vibrations of the tetrahedral groups, the ν 2 band to the octahedral groups. Similar vibrations have also been observed by Zahi [42] at ∼ 570 cm −1 , assigned to tetrahedral bond stretching and the band at ∼ 418 cm −1 , assigned to the vibration in the octahedral site of the composition Ni 0.5 Zn 0.5 Fe 2 O 4 . Figure 5 . Room temperature FTIR spectra of NZFO samples. From Fig. 5 , it is also observed that the absorption bands shift toward higher wave numbers with increase in Cu-content (Table 1 ). This shifting of peaks toward higher or lower wave number can be correlated with the formation of shorter and stronger M-O bonds in the ceramics [9, 87] . Shifting of absorption peaks toward higher wave number with successive Cu substitution can be attributed to a change in lattice parameter, as the radius of Cu 2+ is smaller than that of Zn 2+ ion. Since the distance between Cu 2+ ion and O
2− 2
ion is smaller than the distance between Zn 2+ ion and O
ion so the interaction between Cu-O becomes stronger than that of Zn-O. Therefore the bond strength of Zn-O is less than that of Cu-O. Likewise successive increase in Cu content, which does not induces much O-vacancies, promotes shifting of peaks toward higher wave number gradually. Figure 6 shows the SEM images of NCZFO ceramics sintered at 1000 • C. From figures, it is observed that the various size and shape of grains distributed homogeneously. The grain size was estimated by drawing random lines of known length and counting the number of grains along each line. The average grain size of the sintered samples is found to be in the range of 8-20 µm.
Scanning Electron Microscope Study
Microwave Dielectric and Magnetic Studies
The storage capacity for electric and magnetic energy is due to polarization of electrical and magnetic dipoles. Storage capacity of ferrites increases with increase in the value of the real part of dielectric and magnetic constant. The real part of permittivity (ε ), i.e., dielectric constant, is directly dependent on electric polarizations [9, 88] . A low dielectric constant is mainly due to low ionic polarizability [89] . Shannon [90] , suggested that molecular polarizabilities of complex substances could be broken up into the polarizabilities of constituent ions. In the case of spinel ferrite (AFe 2 O 4 ), molecular polarizability can be estimated from following equation.
where α is the polarizability. The dielectric constants of AFe 2 O 4 compounds can be calculated from Clausius-Mosotti relation [90] .
where V m is molar volume. Molar volume of AFe 2 O 4 was calculated with the unit cell parameters determined from the diffraction pattern. The value of the dielectric constants (ε T h r ) for NCZFO was calculated as per Shannon's suggestion. The value of polarizability of Ni 2+ , Zn 2+ , Cu 2+ , Fe 3+ and O 2− were taken to be 1.23, 2.04, 2.11, 2.29 and 1.21, respectively [58, 91] . The calculated permittivity (ε T h r ) of NCZFO compounds along with the observed permittivity, corrected permittivity (ε corr r ) after porosity correction and the value of porosity are shown in Table 2 . The porosity correction was applied for observed permittivity as per the relation, ε corr. r = ε r (1 + 1.5P ), where P is apparent porosity [92] . The calculated and observed permittivity after porosity correction show good agreement. Microwave dielectric loss is mainly characterized by lattice-vibrational modes, number of pores, second any phases, impurities, lattice defects and also by density. The values of permeability (µ r ) of NCZFO were calculated by the Nicholson-Ross-Weir conversion process. The loss parameters could be related to the grain morphology. In the present case the low losses may be due to high density of the sintered ceramics that was resulted from the defect free materials produced in this auto combustion route. It is also observed that the sintering temperature of ceramics reduced from 1200 • C to 1000 • C with agreeable values of densities (see Table 2 ) on substitution of Cu in Ni 0.2 Zn 0.8 Fe 2 O 4 . 
It is observed that permeability (µ r ) increases with increase in successive Cu-content in NCZFO. This increase might be due to greater value of susceptibility of Copper than Zinc [93] . The degradation of Q × f r value can be attributed to the decrease in density due to the inhomogeneous grain growth as well as evaporation of Zn [94] .
Temperature co-efficient of resonant frequency, (τ f ) is expressed by thermal expansion coefficient, α 1 and temperature co-efficient of permittivity, (τ ε ) as follows:
The thermal expansion co-efficient of a ceramic is generally in the range of 10 ppm/ • C, therefore the sign and the magnitude of (τ f ) depends on (τ ε ). Since the unit cell volume has a strong correlation with lattice energy, (τ ε ) is proportional to the relative magnitude of unit cell volume. So, the magnitude of (τ ε ) increases as the unit cell volume increase provided the structure remains same [92] . This is in consistent with our XRD data.
Ferrite Resonator Antenna Study
In this section, the proposed FRA, designed using cylindrical, cuboid and triangular shaped samples of Ni 0.2 Cu 0.2 Zn 0.6 Fe 2 O 4 is reported. For an antenna to work efficiently there should be proper impedance matching between an antenna and its feed. The impedance matching in an antenna is measured in terms of return loss or the scattering parameter S 11 which represents the power reflected back into the feed (in transmitting mode). In the case of probe fed FRA, S 11 as a function of frequency is analyzed for different lengths of coaxial probe. It is observed that the coupling between the probe and FRA can be controlled by varying the probe length (l). The optimized impedance matching is obtained for l = 6.35 mm, 6.15 mm and 6.25 mm for the cylindrical, cuboid and triangular FRA respectively. The reflection loss characteristics for the FRA under consideration are shown in Fig. 7 . The parametric study of the return loss with respect to probe length l is also shown in the same figure. (a) (b) The radiation pattern is the graphical representation of radiation properties, such as radiation intensity, field strength, radiated power, etc., as a function of spherical coordinates which are specified by the elevation angle θ and the azimuth angle ϕ. More specifically, it is a plot of the power radiated from an antenna per unit solid angle which is nothing but the radiation intensity of an antenna. The radiation properties are measured in the far field region. For an antenna with largest dimension D, the far field region is given by distance equal to or greater than 2D 2 /λ, where λ is wavelength. Radiation patterns are generally described in terms of E and H plane pattern.
The E-plane (or H-plane) is defined as the plane containing the electric (or magnetic) field vector and the direction of propagation. The normalized far-field radiation patterns of all differently shaped FRA are shown in Figs. 8(a)-(f The most important parameter that describes the performance of an antenna is gain. This parameter is closely related to the directivity of the antenna. We know that the directivity is how much an antenna concentrates energy in one direction in preference to radiation in other directions, the gain is the amount of power that can be achieved in one direction at the expense of the power lost in the others. There are various techniques to measure the gain. The method used is two-antenna method, which utilizes two identical antennas for transmitting and receiving [95] . The gain can be calculated as
where, G or = gain of receiving antenna (dB), Table 3 for different shaped FRA. It can be seen that there is a good agreement in the measured and simulated result.
CONCLUSION
It can be concluded that single phase Ni 0.2 Cu x Zn 0.8−x Fe 2 O 4 (where x = 0, 0.2, 0.4, 0.6 and 0.8), nanoparticles have been successfully synthesized by using auto-combustion sol-gel method with an average particle size 8-20 µm. SEM study revealed the formation of dense ceramics with different dimension grain also is homogeneously distributed. It has been found that the sintering temperature of ceramics was reduced from 1200 • C to 1000 • C by substitution of Cu in Ni 0.2 Zn 0.8 Fe 2 O 4 . The grain size of ceramics found to be increasing with increase in Cu-content. Raman spectroscopy showed the presence of symmetric and asymmetric stretching as well as symmetric bending in the materials. FTIR spectroscopy showed intrinsic vibrations of both tetrahedral and octahedral groups in the structure. The microwave dielectric constant and quality factor were measured by the method as proposed by HakkiColeman. The microwave dielectric constant varied from 7.474 to 8.132 and the value of τ f changed from −75.85 ppm/ • C to −32.12 ppm/ • C with increase in Cu-content. This type of variation was attributed to change in ionic polarizability as well as cell volume. The variation in Q × f values was attributed to the inhomogeneous grain growth in the sample. The calculated permeability increases with increase in Cu-content within the range 2.1085 to 2.7138. Using this sample, three shapes (cylindrical, cuboid and triangular) of microwave DRAs with co-axial probe feeding mechanisms have been designed; their antenna behaviors have been studied experimentally as well as through simulations. Good agreement is achieved between the measured and simulated results. Maximum bandwidth 450 MHz and gain 3.49 dB was found with cuboid and cylindrical structure respectively.
